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AllSTllACT

This tqlOrt ldlincs!be~b P'0Il0llll unOmaJr;;.... 1hc Earthquake Eftgincerilli Resarcll emter

(EERC) 10 in,~ipte!be fatis~ life oftcttofitted ChanawJe Mesage Sign (eMS) $U1>Cllft p<$S. This

l)llC of J.ign~ is .. in,erted "1..W thaped~. fabricticd &on! Sleet Pipe~ and

composed of. '"nticlol (post) RCtioa that is~ 10 • boiiwolal (mast arm) Kd.ioIl by. f1In&ed
f;Ollnel:lion.1'hne steel muctLIIn..-e inhemld) fitxible and ha,-c ..... 'ilJUl;t\lf1I1 dampinJ. FoIlo'Aing!be

failure of OM eMS SU\ICtUl'e in Southem Califomia. f",1d SlUdifos ..-ere undatlkcn IMI indicated dIM !be

1lIOO""e-...elded JI05l-u..base plue conMCl.ion, "-ere smceplible "" ..ind-ind~ fanaue ending.

Uboratory studies on eMS posu indicated m.t the posl CI'OU-swion IIdj.cent 10 !be electrical conduit

hole ....as .1", W5CCptible 10 fuigue-iooucN CrK)';ina. To increase the fatigue life of eMS SlrUCtures.

Callrans cng;nec" identified the follo....i". mrofit S!nucgles: I) increase the _lion modulll5 of the JI05l

near lhe post-to-base plate connection and the conduit hole 10 reduce the cyclic stress ranges at the critical

woss-sec;tK>n,: and 2) increase the mechanical dampina OrlM sign .truclure.

Two retrofit §chernes corresponding 10 the first ~rofil strategy We1ll developed and tested: a steel

gusset-retrofit (GRI). and a c""t.in...plau COfICrelc-jacket retrofit (C1Pl). Both retrofit IoChemcs wcre

designed and dcmiled by Callrans. The steel-gU5Set retrofit COIISisted of "eldioll eight gusset plates 10 the

post-lo-blose plate connection. TIle <:onCrece.jaekel recrofit consisted of adding a reiofon:ed conerecc shell

10 the steel post Specimen GRI WAS leSted 10 Approl<im.-elyooc million c)'c~ befOll! signiflCUtt CBCkinll

de.-elopcd. Specimen CIPI "'u oubjccted 10 4.500.000 c)"C~ oflolldiog ,,-I!houl failing.
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CHAPTER I: INTRODUCTION

Cbangcable Messap- Sip (CMS) stnICtUteS ~ widel) used in California by liM: C..ifornia

Departmenl: of T1"ImIO..... (Caltnn$) for COIllfIl ....iaIling infomwloD on roed conditioG$ 10 liM: driving

public. Fig,,", 1.1 shovo"S a _Iy installed pssd-mrofmed CMS mucmre on 1__ 10. near RocIeo

California. In liM: field, liM: CMS Sl:r\IIrnII'a are subjco;ted 10 ,·.ublie ..,riI<XlUW:nw and wind-~ibrmon

conditions. Tloey are desigoed by Caltrans llSlD& liM: AASIITO Standard Speei",*ions for Structural

SIlppons for High...ay Signs, Luminaries. and TraffIC: Sips(AASIITO. 1994).

Follo"ing liM: failure of a CMS stn.ICt\In: in 1m. Caltrans in"eslIgalGn iRSfXCled liM: m(R!han

200 CMS SlNCtUres in use in California. ~eral CMS $lI'UC1Ure5 were instn1lTlC1Ued to ~~ri:r;l: their

dynamic ",spense. 1M field data indicated that a) \he ,,-elded ~omoec:lions in \he CMS SUUClUres an:

subjecled to Slress In-els that su\>s!&ntil.Uy elt~eeded the allo"-able 5treSS Ie\-els =ommended by the

AASHTO specifi~ations (AASHTO. 1994). and b) CMS slructure. an: relali,-ely fluiblc with little

structural damping (Wimer. 1996).

As a =ull of these findings. Caltrans identified thru lopica.1 areas for immediate investigalion: I)

e~alualion of the l't'S-pon'" of uioting CMS structures: 2) developmenl and testing of ~rofit details for

~ulnerablc groo,'c-"cklcd post-to-base plate ~onnection; and 3) the use of cncrt!)' dissipation devices 10

mlligatc the "ind-induced response ofCMS stnlCIures.

CMSs are composed ofan clKtronic rnessaae silJl bung from a mas! ami. which is suppClited in

tum by a '"eTlicaI caoIilcvcr post.. The~ ...~igbt of the sign is 2.S kips (11 kN). 'The mounring

Inckets. shelfangles. 8nd " ..lk"..y ..-e-ilh -wmimatcly 2.1 kips (9.2 kN).

'The stn>cWraI framing is composed of. 2S II (7.6 m) Ioag__ .. idI .. _idediamccer of II

in. (4S7 mm)-' .....n tbickncss ofJ,.. in. (9.S mm), ..hio:h, is c:oanected 10 a '-eTticiol canti\e'.er po5l "ith

• _imum heip of29 II Sin. (7J m). an omsidediamela'of II in. (4S7 mm). Mel a .....1thickness of Ii

2 in. (12.1 mm). The mast ami and dle po5l are COftll«tcd "ia annular flange plales. The annular flange

plales, ..hi~h ha,-c an OIl'lSKIe diamClcr of24 ill. (610 mm), an inside diameta' of 16 in (406 mm), and a

thic:knc:ss of 1·31l1 in. (3S mm), are lI1OO"c ...elded 10 liM: ends of the mast arm and the po5l: 26 No_ 3'4 in.

(19 mm) bolts.re used 10 eonnect these plates.



,
The posl in" eMS SUUCtW'C is ...-.:klcd aI its t-sc1O an 0l.Ug0IUl12·3/4 ilL (70 mm) thid!>tic piaU

(~1a1!Ied die posl-to-l:-e plait .....-.;tion), ....idt, in tum., is .11. two;! 10 " ..,inforccd ...........ie""

foundation using t'iaht high-su=g1h. 2-1·.$ in. (57 mm) diamdtt anc:hor bolts. T....o ..-.:Ided details ate

...m foctbeposl~plale CXlN.. 001: ..ful~ detail aDd.1JCICkd detail A =w>gular.-I­

..,infor=! condl.lit hole measuring 4 by 6 in. (102 .. 152 mm) is I)pic.ally flame CUI in die: P'*

lJIPrOJ<imalely 11 In, (4n mm) abo\'c die btie pla"" on the face of the post oppcKJlC 10 lhe mast .m1

(hereafter t<:mIocIlhe lalSion side oflbe poR). Two mrofil schcm... for the poaolO-bue plate connection

w= 5tUdied by the lutbon: • steel·gusset retrofit. and .. oonc:n:le-jacket Il'U'OfiI. Bofh retrofn \k1.ails were

6«igned and detailed by Callrans.

The gusset-retrofit detail consisted of welding eight gusset plates of 9116 in. (14 mm) thick A36

steel 10 the posl-lo-base plate connection. TIle triangular glBSd plates Well' welded to the post and the base

plate using ful1_penetrllion IJOOvc welds. The radial gund. were cent~ betIo'efl1 the base plalC anchor

bolts.. The gusset coirK:iding ..'itIIlhe cooduit hole on lhe tension f~ orlM post ....s 17 in. (432 mm) tall

and ..-as lemIirwal appooxllnltely I in. (25 mm) below the undcnidc of the conduit hole. The od>erSC'~

pIS ~ 2" in. (610 mm) tall mel lmDinIud &I IlH: Ie\'l:l of Ihc IDp of Ihe conduit hole. All eight

guuets -en: 6.5 in. (l65 _) ....;de a Ibcir base. Fig~ 1.2 .......' Ibc dirnmsions of. glI'SCl·rctrofmal

Model SOl) CMS SU\lCtun:. The Io\ow IS ft (4.6 m) ora &USSd-rtlJQ.fmal CMS"'"&I tested ill EEkC; refer

10 Cbaplcr 4 for omils.

The concrcl:e jac:let retrofit detail consiSted ofadding. reinforced COIIClel<: Jhcll to the stttl post.

The pet had. nutsldoe diamelerof 42 in. (1 I m) and ""&I 6 1\ (1.8 m) tall. Thejac:ld W.iS attached 10 the

e~ilting foundation by driliina and bonding. total of 16.7 ,crtical reinfo<eement b;m. The lJ'an.~el'St:

reinfo<eement in theja<::ket con_iSle<! ofil4 hoops "ith a IS in. (381 mm) lap placed at 4 in. (102 ",m)

spacing. Trim reinforcement wali added around the conduit hole. Figure 1.3 _hows the dimensions of a

concrete jacket relJQfitted Model SOO CMS structure. The lower IS ft (4.6 m) of. concrete jacket

retrofitted eMS was IeSled al EEkC; refer 10 Chapter S for details.

1.3 Obj~'a alld Scopec

Cahrans conU1lCled ...i1:h the Eutbquake fnJinuring Reo- ch Cen~ (EERC) to mody the flf$!

IWO topical areas identif*, in Sec;tion 1.1. This report addresses the second topic. namely. the respmse 0(

reanfmal CM.S SInIeI1IftS. The reader is referred to Gilani, et aI. (1997) for l'CSIllts oflhe SlUdies on the

ruponse of<XJmponoents ofexistmg eMS otJudllJ1:S.



J

1.4 0"llalliutioa of tbt Rtport

ChlIpl:er 2 ptO~ides limited bIockground infornwion 011 the .ubjcclS of .. ind Ioad;"a and fatigue.

Chaptn 3 ~be:. the experimental PfOIIMl for the: mrofll ",ut. and Chapten 4 and S ckuil the

aptrimental resullS for the gusseI-n:oofll and COilC>cl£.mmfit posI spc<;imms. rcsptCli\-eI). Conclusicm

and recon1mcndari<lns '""' prest'fIted in CbapIcr 6. for additional infomwion OII .. iad bodin. and fiu::ip

fail,,", of$Uelsuuctu= and ..."Idmcnu., refer 10 the appaxIicc$ ofGilani. Cf aI. (1997).
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Fig...re l.l: f'boIo&raph ofgusset retn:\fined eMS !ilI'Ul:Wre on lntem.ale 80



6 _9"

,

r------- J2'.9'C"-------,

I-----"...,"~-----,

Mast ann center Jine

20' min
LL
LL

Post (D-J 8", I-lin
.,.;nl Slroni pipe 24' min

Coodun(hole

Ro~ Gu..et.
Pcdestol wi CIDH

found.hoo

Figure 1.2 Sleel-gussel relrofined Model 500 eMS strue:lure



•

r-------"...,~------

Ma$larm_IOoposl
<onnffiion

..,-
..----".-<'----,

"""".,--5'.(;" j •...-.,--,."'!

Mas! arm pipe ([)ooI .... I·)/1..)

'"-

20' "'..
LL
LL

Post ([»ol .... t-Ilr)
exira. <trona pipe 24' min

I'eIiesul CIDH
fro .

Figure 1.3: Concret~jackel retrofined Mood 500 eMS SlruCture



(2.1 )

,

CHAPTER 2: BACKGROUND INFORMATION

1.1 Gen~...1

The study described in this report w"" funded by Caltrans Wilh the purpose of developing

procedures and details for retrofit eMS construction. Prior to discussing the result of the resean:h program.

brief background information on wind effects on slruClUl'C$, fatigue, and ClIrTeIl! AASHTO dnign

procedures 10 avoid fatigU<" f.ilure are presen~. A lll~ compreht-nsi'<c ITUtlnont of this material is

prescnted in the companion repon by Gilani. ol.1. (1997). The lui seclion in this chapleT provides a brief

outline of possible retrofit strategies for eMS structures including infonnation On fatigue.

2.2 Wind Loadial

Wind effe<:ts on eMS S1ru<:tures <:an be elusified 105 either lIt'rodylWllie (due solely 10 extemal

loading) or aeroelaS1ic (due 10 the inknldion of aerodynamic fon:cs and structural motion). Two

""rodynamic effects, natural and truck_induced wind gustS, and tWQ aeroelastie effects. vortex shedding

and galloping. can influence the response ofeMS structures.

Wind guslS occur naturally from I change in the flow direclion andlor amplitude of wind. The

wind turblllcr>ce "ill cause a structure to vibrale. and the re'Whing variahle .tresses introduced In I

slruclure and il. connection. can contribule to farig_induced cTllCking.

The passage of truck. undemealh a eMS slJucture induce. wind pre••ure (hor;~ontal and venical)

Wadierol' on the eMS .ign and its attaehmerolSto the masr ann. The horizontal pressure acting on the faces

of the sign introduce lOfSion and boending moment in rile venical post. The ,'enical gust pressures llCtingOll

the underside of the .ign introduce bending momenl in the ,-ertical post. The resulting stresse. mU5t be

considered in the design of eMS Slnu:tures.

Regular ,-onex shedding occu~ "hen ahemaling regular vortices life shed on the "'ake of a

structure. The frequency of rIlese vortices i. gi,-en by rile Slrouhal equation:

f. - ~, D

where D is llle dimension oflhc .lJUC1ure perpendicular to the flow. v is the mean wind ,-elocity. IlIld S is

the Strouhal numboer. The value of S depends on the geometry of the structure and rhe Reynolds number

(which is used to characterize the nature of wind flow a. eilher laminar or turbulent). When the frequency

expressed by Equation 2.1 approaches one of the natural frequencies of I flexible Ind lightl)" damped
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struetu,.,. large oscilLlltOf)' moIions may occur.

Galloping corresponds 10 large.amplilUde motions in the direction normal to the wind now, at

frequencies smaller than J. in Equation 2.1. Ifa structure exper~nce5 mOlion in the across-wind direction,

the flow arouRd the mucture CIlIl become uns)mmetrical, gene",ting a lift force. This force will increase

the motion of the stl'Ucture in the across-wind direction, and large amplitude motions may result

For a prismatic, singlc-dc~f_freedom o&Cillator in a smooth wind flow and oscillating in the

across-wind direction. the total system damping (~'oiol ) may be expre.sed as:

• - • +.
"'alai - ""«~ "00'0 (2.2)

w!>ere ~,"~<h is the mechanical or equivalent vi!iCOUS damping of the oscillator (always positive). and

~Q<ro is the aerodYlllUTlic damping (often negative). Galloping instability (the Glauen_Dcn Hartog

criterion) will occur when the total system damping is negative, that is, ","hen the value of the aerodynamic

damping. if negative, is larger than the mechanical damping, Steel CMS structures possess small

mechanical damping and are susceptible to galloping instability (Gugino and Woody, 19'96).

Fatigue. which is often classified as either low-cycle or high-cycle. is a problem that O«u~ in

many types of structures utilizing welded connections.. such as bridges. off-shore platforms. and sign

support structures. The fatigue failure of a CMS structure is related to high_cycle fatigue, which is

associated with a large number of loading cycles at strain levels less than the yield strain.

Geometry, the met3l1urgical characteristics of the stttl and the "·eld filler met3l, and the p.-estf\CC

of defects all affect the fatigue life ofa connection. Material strength alone is not a significant factor in the

fatigue life of. structure. HowevCT, the ratio of the applied stress to the yield stress has • significant effect

on fatigue life.

Although structures are typically subjected to complex loadings. conSWlt amplitude sinusoidal

loading is usually used to characterize the fatigue life of components and conne<:lions. 1l>e applied stress

range is defined as the tot31 stress amplitude in a given cycle. Using this definition, the fatigue life of a

specimen at diffen:nt stress ranges can be represented by an S-N curve (where S is the stress range and N is

the number of loading cycles 10 failure). A point On the S-N plot indicates the number of cydes I

component or connection can sust3in at a given stress range prior to failure. The SoN cUNe is typically

plotted in logarithmic form. that is.. the logarithm of the stress range is plotted ve",us the logarithm of the

number of loading cycles to failure. The cycle count in til<: plot is the sum of the number ofcycles required

to iniliate a crack and the number of cydes needed to propagate the crack to failure. Typical SoN CUNes
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consist of a descending brnnch and a conSllIn! value branch. In the descending branch, f"'igue life is

reduced as Iht stress range is increased. The fatigue limit is the suess level al which~ number of cycles

to failure is infinite. Theoretically, a component or connection loaded to stress ranges below the fatigue

limit will have infinite fatigue life. For design, an S-N relation two standard deviations below the mean

relation is typically used.

For strnctures subjecto:d to a variable loading hiSlOl)', the fatigue damage caused by each loading

cycle can be accumulated to detennine the lotal fatigue life. A damage model known as the Palmgren­

Miner rule (Miner. 1945) is typically used to sum damage ratios for each loading cycle.

2.4 Design against Fatigue Failu~

The AASHTO specifications (AASHTO, 1994) for the design of cantilever sign post .lnlClureS

use equivalent Sialic methods of analysis. and combine stresses due 10 different sources of loading. Wind

and vortex shedding effects are included in the stress check. New guidelines, based on the

recommendations of Kaczinski, et al. (1996). will likely include provisions for galloping. natural wind

gusts. and truck-induced gum.

1lle design of sign st""'tures for fatigue resistance is routinely based on criteria outlined in the

AASHTO Guideline. for Design of Highway Bridges (AASHTO. 1992). Welded connections are

classified into eight categories ranging from A (longest fatigue life) through E' (shortest fatigue life), 1lle

full_penetration or the socket welded connections at the post-to base plate connection of a CMS strucrure

are categorized as class E'. As such, they have a theoretically infinite fatigue life for stress ranges below

2.6 ksi (17.9 MPa). T1>e E' classification is based on the difficulty associated with inspecting these welds

due 10 the presence of the back.up ring inside the post immediately above the base plate.

2.S Retrofit Strategies

To impro"e the fatigue life of the CMS structures. Caltrans investigated several retrofit stra1egies.

Galloping was identified (Gugino and Woody, 1996) as the primary loading condition that gave rise 10

large d)lIamic stresses (excttding the AASHTO design stresses) in the post-to-base plate welded

connections. The retrofit schemes concentrated on the following areas: I) increasing the o,-erall stiffness of

the system: 2) increasing the strucrural damping: and 3) moving the critical region away from the post_to­

base plate welded connection by increasing the section modulus at the base

One of the two retrofil specimens tested al EERC incorporated radial steel gussets groove_welded

to the post and the base plate. A reinforced concrete jacket was cast in place around the steel post to retrofit

the second specimen. A brief review of the fatigue response of gusseted connections and reinforced
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_ICiCle members is pramtcd bdow for add,tiooaJ informMioa..

l.J,.l Fq_"~II/C_dGHIIIftIirHtf

GIl.- .m $Uffener pWes an: axn......1y ated in IUd bridF manben. F.ague problcms M:

[lUI)' 10 <)f;l;Uf. the welded c-rm><ctioN beno'em the~ pblu:s and !be main bridge members in the

ICnSiIe SIreS5 regian$(FiJher. ft al., 197<4). AASHTO =opizes ,..rioul .....,Iei~ depcoding .... lhe

type of W c:onnKlion. A apcrimallal study conducted by Danit'ls and Herbeln (1910) for cun-ed girder

."',mblie. indiCllled !hat IUsset connections of tIM: t)lle $hov." in Figure 2.1 (,imilar 10 !hose used ;n !he

retrofit of eMS SU\I~IUIl!S)arc most likely classified as Category C (5« Figure 2.2). wilh nominal stress

range of 131:si (89 MPI). For this cue. cracks arc CXpeI'ted in the weld al Ihe base ofthe stiffener plate,

2.5.1 Faligue RnpOf,u o/Rdn/orr:ed eDllen/e

Investigations iolO!he fltigue propel't~of plain concme in comPfttiion (c.lI., ACl. 1974: and

Bennet. ec al .• 1967) "-.'11 been carried out. l'ho: liDdinp iDdicate tIw the fuigllC life of the plain CQllCiCle

ckpcnds Oft the ranie of ....ing.~ of~;n.. ec:«lllric:ily of loading. Ioed lIiSlOr)'.~I ploperties..

and etl"ironmental conditions. In the S-N plou for plain COilClcte. the ord",lte S COl I 'p 0K's 10 the struI

r...,\ as. pcromu.ge oflhe IDli<; strength. A l)'PiW S-N cun'c for plaill coo... ,"" is snov..... in FiguR' 2,)

For concrete _eel up 10 10 million ey(:!ts. it "'"&1 found that the fatip stmlatb "'"&1 approximalely 60

I'doxut of the _ic ..e,p.....:I the fatigue IlfUl&tb did IlICC'ary~1y forCOl.... ete~gmsof up

10 1,7 ui (60 MPa), For amples subjected 10 >'Viable Ioeding. the Palmgm.-M,ner equation lakes the

folJov,ing form:

'<" ",
LoN"" I,

(2.3)

"ihere n, designales lhe number ofcycles at a particular slress range, and N, denotes lhe number of cycles

eausing fatigue failure at the same sue.s c<:>ndition. The loul sum depends on the sequence of loading and

the relati,·e stress level,llI'Id may be .... low .... 0.2.

The fatigue wength of reinfon:ing ban WIder eid>er uniaxial Ioed,nll or flexural ,,*,inll in

reinforud COilCiete be.M has been studied by lleVenll ..d>on (e_s-. Bury and Dvm<w.." 111704). The

flndings indicate Ihat the fatigue life of reinmi"ll t.n depends 011 mimmum _ b·d, .,... stoe.
....._yofdef.".....ion, )·ield $IJalgtb, prior beodiagofthe bar, and ..."ldi... As ilIl)-picaI for meWs. the

fiIligue life ofreinfon:inl $leel ill d<:tmniMd by tile _ rIJIge aDd IlOl: the absolute ,..11.IeS ofminimWll

and maximum applied $lftS$C$.. Figure 1... ."." al)"pical S-N CW\-e ofreinming steel bars.
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Figure 2.1: Gusset welded connection details (adapted from lAmiels and Hemein. 1980)
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Visible cr.>ck 0
Through cmck •

'ic<-'---'----'---'---"''---'---'---'---'--'-'-----'-,f;;'-'---'10.5 1.0 2.0 2,5

Millions of cycles

Figure 2.2: SoN cur... for a gusseted connection (adapced from Daniels and Herbein. 1980)
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Figure 2.3: S·N cur"" for plain concrete (adapted from Bury and Dornone, 1974)
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Figure 2.4: S-N curve for various reinforcing bars (adapted from Bury and Domooe. 1974)
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CHAPTER 3; EXPERIMENTAL PROGRAM

J.l G~neral

The experimenml program for the retrofit spttimens ;oval,-cd the full-scale testing of two eMS

cantilever postS; one post was retrofined using .... "Ided radial gUSst'l plates at the post-lo-basc plate

cOIln«I;on (hereafter rdemd 10 as Specimen GR1); the second post was retrofitted by casting a reinforced

concrete jacket around the steel post (hereafter ..,fern:<! to as Specimen eIP]). Table 3.1 summarizes the

key infonnalion OIl the lwo relrofined specimell'.

This chapter describes the two ttst specimens (fabrication. material properties. welding procedure,

and inspection) and Ihe associated e.~perimental program (test sctup. test parameters. instrumentation. and

data acquisition system).

3.2 fabrication Procedure

3.1.1 F"/,,icat;on

The cantilever post structure for the gus.sct-retrofit Specimen GRI was fabricated by Siena

Nevada Steel Corp. ofSan fernando. California (a Caltrans-apprm'ed \"ClIdor) spe<:ifically for testing at the

Eanhquake Engineering Research Center. The \'enical steel post for the cast-in-place cOr><:nte-jacket

retrofit Specimen CIPI was also fabricattd by Sierra Ne"ada Steel Corp. as pal1 of three CMS structures

designated for field installalion, East Bay Steel Products, Inc. of Oakland. California (a local Calt",n ...

approved vendor) modifitd the cantilever tip of the steel post for connecli"" to the testing hardware at

EERC. OOT Construclor5 of Berkeley. California. was responsible for the placement of the ninforctd

concrete jackeL

J.1.1 Matnial PMJNrti~s

COOpo<l testing of the ancl>or bolts and the post material wu undertaken to detent1ine the

mc<:hanical propcnies of the test specimens. Good agreement between the mill certificate an.d coupon test

data was obtaintd. For Specimen CIPI. compre...iye cylinder tests of the fOlln.datioo and jacket concrete.

tensile tests of reinforcement bars. and pull-out tests of the bonding agent wen CondUCltd. Material

propenies for both specimens are summarized in Table 3.2.

J.1.J Welding ProcCdUTC and Inspection

Prior to the failure nported in Chapler 1. Caltnms inspection ofCMS weldments consisted solely



of visual inspection of a completed CMS structure ,mmediately prior to its shlpmenl to the field, Based on

e~perien« gained during the SAC testing program at EERC (Whituker. et a1.. \997). ulleasonic lesting

(UTj .....;>5 utilized by the autho~ to detect weld imperfections in both retrofit .pecimens. Allhough no

ultrasonic te,;! data wu a'lIilable for Specimen GR I prior to cyclic testing. the ultrasonic tests conducled at

the conclusion of the cyclic te.ling of GR 1 detecle<l fla...... in lhe groo',e- .... clded gusset-to-post and guSsel­

to-base plate connection at 9<10 to the direction of cyclic loading. Ultrasonic tests conducted prior to the

placement of the con<:rete jacket in Specimen CIPI like.....i.., re"ealed a number ofrejeclable fla...... in thc

gr<IO"e-weided post-to-base plate connection.

J.J E~periment.. ll'l'Of:ram

J.J./ TestSelUp

A reinforced concrete foundation blocks ....·ere caSt and anchored to the Slrong floor in the

Structures Research Laboratory al EERC. The concrete foundation simulated the CIDII pile typically used

as the foundalion for 18 in, (46 mm) diameter CMS structureS, As sho....'n in Figure 3.1. specially fabricaled

anchor bolts. idenlicalto bolts used in lhe field. were embedded in the foundalion. The test specimens were

attached to the foundation using these anchor bolls. Each specimen was leveled using n"ts placed

undernealh the base plate. The anchor bolts al the base plate .....ere initially snug tightened and then

tightened furtber using the tum-of-the-n"t method (AISC. 1995). The gap between the base plale and the

foundation was then grouted with mOl1ar cement.

A support frame was designed for the dynamic servo-actuator and attached to an exiSling reaction

frame. T,,-o catwalks and a supporting framework were built to provide access to the top of the test

specimen at its conneclion to the actuator (see Figure 3.2). Figures 3.3 and 3.4 show the ICSI sctup for

Specimens GRI and CIPI. respectively.

The specimens were loaded at their tips using a sel'\-'o-hydraulic actuator attached to the reaction

frame. The actuator consisted of a douhle acting ram with a capacity of 100 kips. a stroke of 20 in, (508

mm). and a sel'\-'o-valve wilh a maximum flow rale of200 gpm (757 Ipm),

J.1.1 Tnl Paramelen

The specimens were tested vertically. A unidirectional constant amplitude cyelic displacement

history was imposed at the top of the post. Axial load. 10 simulate the weight of the mast arm and the sign.

was not imposed on any ohhe specimens. Otherpost deformations observed in the field. such as those due

to to~ion and bidirectional displacements. were not accounted for.

A testing frequency of 5 Hz ....-as selected for the test. This frequency is .....ithin the range of \ to 13
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H:l used in other <ludiC's (FisheT. e1 aI .• 1974: Schillin&. e'I: II., 19711: Fisher, C'I .1., 1979). and is smaller than

!he sp«imen frequency (approxirIlIIlel)" 10 Hz for Ihe ~l callt,Jeo,"er post) and the oil<ol\lfllf\ frequmcy

oflhe K"'o-e<:tuaJor. TIle _ ..-m: ooncluaecIMlhis frcqueucy. and d}namic TnlllI&I'I« efftel$ ..en:_
obser.ed. All tnu ..~ pcrl"onncd. _ ~pcnt\Ift!.

The mean stress for Specimen elPl .,. ta'O. Static dad-iold >tinsel ~W) ina IICI"OSS Ibt pipe

diameler ..en: imposed on Specimen GRI 10 ",,",u-=Ibt bendinllDom",n induced in the sp«imaI b) me

dead ....eight of dlt' sign.

•l..J.J 11U/711_IIII1liD1f

The iMuumenUlDon for the 1\00 $peCimens ODft$iRaI or: IlIl LVDT on Ihe KlUMor cemer-liDe

me&S\lnng !he impo5ed dispLocc:men~ I Iced oe-ll in-lillC .. ith the aetuaIor meuurina the -xilll force ;n the

IIClualOr. and stTain gage5 pL.ccd II stnltejic: location, along the height of the specimens mnsutinalocal

IlIresscs Chapten 4 and S detl.il the instr\lmcnUltion used for each specimen. Figure ).5 ,ho,,'s pan of

Specimen elP1 instrumented ""ith sll1lin gages.

J.J.4 Dala A~uisilion

The test machine and data acquisition system are run by a PC Windows-based control and

llC:quisilion program, known as the Automated TCSl,na System (ATS). dc.-e1oped by SHRP Equipment

COfPOralion ofW.l,ml Creek. California. This~ is capable ofsignal gmeTlllion. four~hannel ,",,'0­

a<;tuato. c:ommand. and sixteeR-<,:hannd dM.a aocquisition. For the tests reponed on Mrein. 1M ATS system

",as used 10 monitor and control the' displacement and force-feedback signllb.

Other data ",-as mO.lltORd and =orded usina an AUIONei dM.a aocquisition $)'$letn ",i!h. capEit)'

of 64 dlanneb. PacifIC signal conditionen "'ere used 10 amplify the Iml5duceT signals and to remo-;e

freqUomCOes aboH 100 Hz from the ....10& signal.

In order to limit the sUr of the daUI files. dauo ....as ' .....duf for ,,",'0~ fof e\"Cf) 16 mimnes.

Eal:h two-second daUI file reeords 10 C)"l:les. ..'hic.h rq:ftSm1S 200 sample points for each ..,,,«dec!

dlannel 1lIe daUI ",-as c:onslantly mon,tored durina the ttSl. Part ofdx daUI ao:quisilicMll)'Ilem il RIov>-n in

figure 36
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Table 3.1: Retrofit test specimen data

Connection detail.

Specimen lD Post-to-base Drainage
Retrofit

plate weld 11o1e l Conduit hole

G" SleeISU=tS socket fillel "" rectangular, t....ion sid<:

C1Pl concrete jacket f" lI_penetralioo ,. rttUlngular, tension side

1. Small hole for dischar¥e of galv"",~nlmalenol flame"",,! Inti> tile gr<><»'t "eld on u... kn,_ .ide.

Table 3 2' Material properties of retrofit test specimen.

Yield st~
Ultimate stress (ksi)

(ksi)
M=b« Siu G....<

mill '00,"" mill <00,""
certifICate ,~ certificate ".

GR>

,~ 11"00.'-112" B1X421A5J " " " "
Base plale t- 2.3'4" A;' " ", '" "
Anchor bolts d· 2·1I4~. I· J9-314~ A;' " " '" ..
G.= t- 51!" A;' 42.2 " 65.2 "

ClPl 1

""" 18~OD.I·112" BJX421AH " " " NT

Anchor bolts d - 2.[/4", 1- 39·J 4" A;. " " '" ..
B.... pla~ ,- 2-]'4" A;' " NT '" NT

Reinforcement " Gr. 60 .. " '"' '"
Reinforctment ~ 0 •. 60 " NT '" NT

Reinforcement ., G•. 60 n NT '" NT

l. NT dmoies NOI Tnled.
2. Foundation, 4.000 psi in 28 days: concrete ja<:ket: 5.600 p'i in 28 day.: bond mengtll >20 kip'
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Figure 3.1: Foundalion details for Specimen ell' I

Figure 3.2: Test setup for Specimen GRI
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Loading

<1f---t>

Connectors

Working pl:otfonn

Specimen GR 1

Existing reaction frame

Gussets

Found:otion

Stroog reaetion floor

Figure 3.3: Main components of the test setup for Specimen GRI
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Loading

<Jf----.,e>

Connectol"$

'.,-,.....,

Worting platform

Specm-CIPI

./

Concrete
,/ jacket

Figure 3.4: Main components oftM Ietl setup for Specimen CIPI



Flg<= 3.6: View of the data acquisition system
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E IME

·U Gen

imen GR I '" a can il yer ted posl . )Ill a eMS structure ncorporatin a oc et post-t(}-

ba.'~ pi te conne i that as retrofiU d 1 triangular gus' t late 'elded both to the post th

base plate" the 0 ~cctive 0 this retrofi scemern r tts

as 010 t decrease l.h s t the po~·to-b pt te connection. T' t plates ..'ere 24 in. ( 10

mm) ta.1! cc m oda e e 4 in y . 10_ onduit ho]e I III j • 457 mm)

oov the base late, one of the gussets plate w ell hart The im n as ilbricated by a

pro ed vendur p~r traIlS:\' i ~ltn5 for CJ\. struc re· The specimen was ins cwd and pr ved

h) Itrans prior 0 hipment to ERe.

f igur .] show h' dt:lail of e g "' _ -ret... fitted post desi d 'Calt1'an5

W 1 • 19961. own in the tigure are t l: Ian view, eleva I n ofThl! usser-retrofitted po ,

P sH -ha I,;' I te soc' 1-' ldcd onnection, Imt:f1siore of e gu t plates and de ai s of lh onduit

hole. nle condul h le is typically flam' , t; i edges are nih r round 00111 n r i ome.rs cut

radlu~ tll mi i lize stre' oncenlrat ons, sliITe in rube is 1l1e eld t name-

cul hole.

etrofit tr t

xarn1031 ion b G iIan i. t:tal. ,19 . 0 resu Its from the labomtDry t tin )f omponenls of eM.

specim n identjfied tvo'o III lions in steel MS post that are sUS t:ptible to tatigue ail re: the post-to-

base plate Co n e lion. and e gl h around h c nduil h Ie. The gus. t-rclrofit scheme incr s. the

section modulus near the sl-ro-base plate I;X nneclion and redu dec 'elie 3 the ba f

Ihl: o:>L

The l~ t s ~clmen was fI ricaled b 'cuning C IS pos ,.. iili n u ide diame er of 18 in . 5

m) nd wall Lhi ne s of 11_ In. tl Ill) t l!: length of l ft 4r ,(4. m, tl C omm u: me ramon

u;1 for ~ ~llng of other ents ( II an i. ct at, 199 ) Th po. t ~ as socket fiI et \ e cd a its

base .seeJ-igur 4.1)1 a 2-3/ in.(70mm}lhic lagon Ish.·dplate,The' imc:n a onnec to the

tound lIw using eig t 2-11 n. t57 mm) dmmt:te Mcllo bo! fa lowi alt:raOs gui ines. Tnt: upper

Ituts ,"'er. Irs nug ighten d, the further tight hy the lUrn-ot:the~[)ut Tn lhod tAl" ,I 5). j
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r gular pIa \' Idcd to the LOp of the post to fllcilital Its COruleCUOn lO lhe sen" actuator

The sl was positioned Lleh that the direction of ioadlllg, ~ sho m n f1gur ~ 4 2, '" as nonnal

Ib v rticnl fact." of the conduit ole ide CD or, orth fild } The boh de igl18lim m me figur idenufies

Ih dlr eli 0 IOJdmg 8.11 ~ gussel pia "'~.

.4 e ding Proc:edur d nspec 0

T ble 4,2 summ riz s ater-ia! rop<: i s for peClmen GRJ Th ste J pOSl \'as abncat from

Grade A53 I ( PI., 1995. A T 91) e.·U'a s r n l pipe The gll~scl plates an me p ale were

[. bncalcd USLn A36 steel, Th ouod tion ncbor boHs ere A3 7 pccimen was rabri at.e:d

b' CallI: n - pprm.'ed 'n rand inspeeled b. Callnlll.5 pnorto hip entlo EER :.

Al 'e J:Q[lcJ sion 0 the eye IC e I g of SpeCU;l)cn GR I, ultrasonic te ling ur I ....as U.J. .U

valu te the inlcgnly of !.he w Ids 'n the os -lo-base plate, U~S l-L -post, lin gus' 'l- -bas 1 \c

connections D fe ts were ob en-cd I of ese \ I Ids. and the ultra onic Lcs1m \'enfied h· presence 0'

tho cks identLfied 'ollie means dur'll th testing prog a In ad.dilion, n w were detected in the

groo 'e·\ el d gusset-to- I nd gusse -to ba e pi le onneclJ or gussel B, hi h was onented {)Go lo

the irccuon of the y i loadmg. It I.' n knO\\ Il \ 'heth r ltu;se flaws e.' l'd n r lo the LeslU'lg r gmm

SpeClIDen OR I was Lested un r disp LJcemenL onLrol, 'Ilh spla em n pphed (11 Lhe Up the

post (see Figur . 2). rhe umdi c lional cy, ic loading· "'as. apphed at a Jcqucncy 0 : Hz. To sirnulilte the

d -10 effec. pcClmcn GRJ as l s d wilh an inili m~an (smtic'j _ css The qdic Ie w rc

carried 0 t svmmetric Jy 'ilh specL to t.lUs m an stress "aJue. Th arg l stress fang r SpeClIDeTl GR 1

'3 J ksi (72 I "Pa) l 2 m. t61 mm obove lhe b plall: (Gugmo and Woody. IY 6.1. The mean

JC) stress range at Lbc bose of the post ",as tat 13 ( . (90.1.P ).

eded to thieve th target tres ran (] Specimen GR I as

. 1 ~ pomt 16 In ( I mm) above the lOp 0 the base plate,

the post wer 11k Iy Dol ffecte' ~ the presence of Lhe ondl.lll hole and me

compu d 'che stress runge 'S (69 MP ) and Ihe mean ~tatJc)

m by mom ring

omt 'her' e stresses

gusset p ale A l !:his ]

me ge ,I' 1 (7 MP
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. ccordingl:. Lh targel tr ·s, for Spe'Cim~n GR ran d fI m 6 ksi ( I

MPaJ on Ih~ I IDlQn or co duil ho e side (N rth ide Or 'ide D) of me po '1, and fro

-1()ksit-169M a) on hecompr'~'"l(}nsid (,01 'i1deorside H) flh·post.; tl

mm) i1h , 'C Lhe base pi c.

Pal [I "' P6
-6k.si(-41:r-..1P )to

·un: l 6 in. ( ,

4. '1"1l D t tion Prop. g Ii 0

T e pr nc of the ~r C , \las monit red by a combm' Ii n f isual 0 ati n and liq i

~netran .. mJ c nfinn b_ real-lime an . is 0 ey strain 'a'c data. The hqu \J e-nerran and S 10 age

monitoring techniquc, prove [ be most reli hie in determinin' fit pre ence and owth of era l i

_pe . imen G 1.

4. trum .ota .

The inlrumcntat on fo pecimen RI 'onsisted 0 Ih fi lIowing: an LVDT ounted on the

er\'o-aCIUlllOr center~lll1e /leMUnng th~ imp se e po I: a In d 1I "n-Iline

w itn he. e o-iicluato meas nn u Ihe Impos.cd Fon:: : thirl)'-si \ crueal uni I <;h-: in age pia c 10n_

tile he igh I ,J f th po" t I tralegic ati tlS, '11l r I e extreme Ii :1'S \\ ith respe I 10 the 'm po -~

lotlding) or on 1111: 001 line adja 'ent 0 the treme tibers. m urln~ a: ial . (, in amllel 10 Ih' \' rtical

. :\is r he post; four sLr8in gage placed at the com 'rs of the conduit hole monitorin I a stresse '. ninC'

r unia 'ial train ga ' laced on IIp ile faces 0 ~\L s.et plales. \ 'th each pair 0 ~a 'I..: combmed

illio II sin Ie d( La.::h nel, d t iden ,j )' t era k orm Ii n d es imal' .he . tresses i tlssel

plate ~ hed 0 fOUf ;m~nor bol, U 10 51Im1 e

"Ire. s.I:S in [he arll.:hor bolts. wiLh eae mit ombined into a ing e d a channel. The in tru entation Ii I

nd (dn~m ti lagram of he 'lram gage loe ti os are sho ~H'I in Table . I rid i ure . ,res tively_

-'1.8 Experime tal R u.
o .1 General

The oral fll.lmbt:r floadmg yei fo pe Imc GRl 'g.hll} c:ceeded 1,00 ,000 A to al r2~ I

individual tests. each 0 16 mInute durdhon. were n: r Table.2 . ummarize Ih k y bser\'ati>n;

n re i [Ilrmalion is pr.:-sented beluw. Prior to e'Lm the speeiml:n as accid ·nll. subjected I a hal ­

c)'dL.:" of load ing 'ILh a :ak displacem t of nearly wi Ii: the yield . I

. pccimen G I as assum [0 nay fuil d at appro -ima d ' 800,000 when e f L tan e

f till: post at tl target displ cment dropped to less than 0 rce 1 of i ini 1 I alae. men

cmcked . uhstantiall' uring the c. ti tests. In i ular, nvo erne' ormed and p

fTurn the lower comers f the condui hi. Cydi~ l ~1i c:ontinu be. and 800.0 0 _'des t



dctennine the effecti~eness of the gusset plates in arresting these cracks. The cracks propagated into the

gusset-to-post welds and then into the gusset plates. The test ,,-as tenninated after approximately 1,000,000

cycles.

4.&1 DillaAlliUysis Procedure

The computer program MATLAB (The Mathwor1<s, \997) was used to process the experimental

data. The experimental data was reduced in three steps. In the first step. the raw data was read. the file

header was remo~ed, and a test log was ereated. Next. the pealHo-·peak extreme ~alues of response "ere

extracted. Stress ranges were obtained by multiplying the peak_to-peak strains by Young's modulus for

steel. assumed to be equal to 30,000 ksi (208 GPa). Response histories were plotted in the third step.

4.8.3 Cracks ill the Test SpR'-"

Several eracks were identified during cyclic testing. including cracks in the gusset-to-base plate

welded con~tions. the gusset,to-post welded connection. the gusset-to-base plate welded connections.

the posHo-base plate welded connections, the gusset parent metal. and in the post initiating at Ihe upper

and lower comers of the conduit hole. Figures 4.4 and 4.5 identify the cracks obse....·ed at the gusset-to­

base plate connection and at the conduit hole at the end of the testing.

Figure 4.6 shoW1l the crack pattern arouoo the conduit hole. [n particular, two horizontal cracks

initiating at the lower left (al) and right (b1) comers of the conduit hole (designated as cracks A and B.

respectively) propagated substantially as the cycles accumulated. These cracks reached the gusset-to-post

",e1ded connections (al and b2) at approximately 985.000 cycles.

Crack A. starting at the [ower left comer of Ihe conduit hole (a1). propagated horizontal1v IOward

the gusset,plate groove weld (al), passed through this weld (a3) at 1,020,000 cycles. and then propagated

inlo the gussel parent metal (M) at 1,055,000 cycles. Crack S, starting at Ihe lower right comer of the

conduit hole (bl), propagated to the gusset-plate groove weld (b2). through Ihe gusset piate-to-posl weld

(b3) al 1,020,000 cycles, and Ihen into Ihe gusset parent metal (114) at 1,055,000 cycles. Both cracks

continued to propagate into the gusset parent metal. In addition. due to the propagation of crack A to the

righl (as) and crack B to the left (b5) at the conduil hole, these cracks met below the bonom edge of the

conduit hole at approximately 860,000 cycles.

Figure 4.7 shows the locations of the cracks (solid heavy line) in. and adjacent to, Ihe gusset plates

al the conclusion of the cyclic lest. Most of the cracks de~eloped in the gusset plate-to-base plate welded

cotlnections. Cracks also developed al the gusset plate-to-post connection in gusset CD (Iension side)

below the cotlduil hole.



4.8.4 Typka/ T~SI Da/ll

Typical test data i••hown in figure 4.8. l1Ie dati. in theoe plou were collected at a cycle count of

10.000 c)"les aOO are re"",'l:ntl.ti,·e of the rt:'SpotISe of Specim~nOR I prior to .ulmantial cracking. l1Ie

StreSSeS wcre obtained by multiplying the slnlin gage values by YOIIn8's modulus for steel, assumed to be

30.000 hi (207 GPa). Thc plots show thc response histories of the lIC"lUator force and displacement, the

post Stresses 36 in. (914 mm) abcr.·e the base plate (sg2), the stresses at the """e!" left com" ofthe coOOuit

I>ol~ (sg39). the stresses at the guSW'l plate CD (sg43), aOO the stresses at the llJt<:hor bol15 in the tension

side (sg52).

".&.5 Respo1U~ Maxima

l1Ie minimum and maximum responses were computed for each data channel and for all 212 tllSU.

figure 4.9 .I>o",s the response maxima of the actualor fon:e history, the stress range at the lower comer of

the conduit I>ole (sg 39), and the stress "'nge in the post at 1.25 in, (32 mm) above the base plate on the

t~nsion sidc (sg33). The ac1\Ultor force is relalively cOJtSlaJtt up to approl<imalely 800.000 cycles. and sum

to decrea'l: n<>ticeably thereafter. A similar treOO is nOled for the post Stresses 1.25 in. (32 mm) ab'l\"e the

base plate. The post stresses at the lower end of the cooduit I>olc increase substantially after approl<imalely

300,000 cycles due to stress redistribution in the post following cracking adjaccnt to !he conduit hole. After

approl<imately 700.000 cycles. cracks propagated 10 the gage. and the slnlin readings dropped 10 zero.

".&.6 Strain G. HislO'~s

figure 4,1 0 shoy,-s tbe a,'e~e stress (strain) response, near the lower comer of the conduit hole, at

200.000 c)"lc incremenlS of loading. The data shown WIS corrected to remo"e the drift in the transducer

response: history. Up to 600.000 cycles. the dati. i. esse:ntially symmetric and sinusoidal. At 800,000

cycles, tbe stress response: has lost both ilS symmetl)' and its sinusoidal shape. and !he stresses are

significantly smaller indicating the presence of adjacent cracks. At 1.000.000 cycles. the stresses are

ncgligible due 10 cracking at the sensor Ioca.tion.

figure 4.11 shows the stress profile on the tensiOlt and compressiOlt faces of the POSI. The stresses

are ploned for e"cry 200,000 cycles. The stress distributiOlt on the compression side does n<>t changc with

the number of test cycles. Howevcr. 0It the tension side. the stress distribution "aries with the number of

cycles. Up to 600.000 cycles. the stress distribution is stablc. but varies thereafter as the cracks around the

conduit hole gro'" substantially, The highest stresses in the tensiOlt sidc occur 27 in. (686 mm) abo"e the

base and abovc the gusset plate. Below this hcight. the stresses in the post are dramatically reduced due 10



"
!be increase in sc:ction modulus result,na from the additioo of gusset plates.

<&.' """"111 OrTcsl Sped....,a

4.'.1 Ge,.~'"

AD elastic _I>-sis ,,-a performed to estimIle the rtSpOnSe of Sp«irronl GRI and 10 idml'fy the

ret~ of liUl) SllUS~ ill the specimen.~ «lll1pUJer~ SADSAP (Wilson. 1992)

":as lZIoed to pnfOll1l Ibe -.aI)~ The "' ...... _ MAnAB (The MIlt".-..rb, 1997) ...-as LI$Cd 1(1 pgU­

pI'OQl'SI !be .....I),is daDL The influeuct of rniduallU"eSSCS. lOl:1d profile. JIISKl pille copes (see fi~

4,1). and uackina; ..ere nol considered.

A (mile dement mnh ~;stiqlof tIuft-dimmsional quadrilaten.l shell clmw:ng (available in

!be SAOSAP library)...-as used 10 modd the o;anlilcvcr post, the gusset plates, and !be bw= pille. The $hell

tlnncnt Ilu six dcgrl:eS-O(·fi"eedom per node (three ""slalicn and lhr« rotallon) and Kcounts for

membrlM and btnding efreelS. A fine mesh was used to modellhe lo....er portion orllle post. and. mesh (}f

larier clemenlS was used ncar !he lOp of Ihe pllSl. Each gusset was modele.:! usina 64 quadrilateral shell

elements arvari.ble size. The bue plott was modeled using 118 quadrilateral shell elemems. The post-to­

baK plate conneelions were usumed (0 be riaid. Equivalent springS ,,'ere used 10 modellhe ~enica.1 axial

sliffness of the UlChor bolts wnn«Iina the base p!:tle 10 the foond:tlion. A load :tClina in lhe direction

parallel 10 bolt line. AB and EF "':1.5 Ipplied at the lOp of the post; the load ":1.5 distributed lmong III the

nodet at !be lOp of the post to avoid Wlduinble Ioca.I defonnationi associaled ""II concentrated Ioadi.

FiI;ure .12 presents informr.tion on the modeling of Specimen GR1.

The defomwioa of the guiSft.ftUOrllled pD$I i:i similar to tb.at ofa cantile\u itr\.lCIure; due 10 the

fIe:xunJ rvwioa • !be '-c of the po$l, tbl: I:pecimen i:i IDDI"C flexible thin Ih&t ca.k:ulated assunlln.a fIxed

baK. The ~licatioDoh btHizoutaJ of I kip Illlle cantile\er tip rnult$ in a tipd~of0.0625 in.

(1.6 mal) and a lateral 5tJ.ffness (of !be tdrOfined pose) of 16 kipsrm. (2.1 M"'-m). This Sliffilcss \"IIIIC i:i

cloK 10 tbe experirnenWly I;Ikulated \"IIuc of IS kipsr.... (2.6 MNim). Anal)si. ortlle Specimen GRI

_"Ilout the JUSSd plates results in a lip displKement of 0.071 in. (2 mm) and a!:ttenll S1irrncs. of 12,'

kips/in. (2.2 MN'm). The &usset p!:ttes inc:reued Ille lateralstift'ness of the posllC:Sled It EERC by about

25 perl:ent. TIle deformed wnfiguntion orllle post is shown in Figure 4.13. Nou: IlI&lluch a perl:entage

incre:o.se _ill not be reaJim in tho: field b«&use the te"" specimens represent only a segmenl of a eMS

stt\IClUre.



4.9.4 Sl~ Distribution

The distribution oflongitudinal stresses along the height of the po~t i~ shown in Figure 4.14. These

values closely approximate the experimental SIress values. The SIlnseS on the post vary linearly along the

height. from the top of the post up to the top of the gusset plate~. and below the top of the gu~set~ the

stresse~ decrease nOlllinearly due to the pTesen<:e of the gusset plates. The conduit hole produce~ a SIre..

concentration factor of approximately twO and a half. that is comparable to the experimental '-alue oflWo.

Figure 4.14 also shows the stress contOllr at the tension gus<oe! CD and at the compre..ion gusset GH. High

stresses are developed at the bottom of the gusset, where it conne<.:ts with the base plate.

4.10 Slim mary

Specimen GRI was tested to approximately 1.000.000 cycles of loading. Significant cracking was

detected at approximately 600.000 cycles. At approximately 800.000 cycles., the resistance of the post had

dropped by 10 percent.

Although it is difficult to d,."w conclu~ions regarding the general performance of this type of

retrofit detail from only one test. the follo",ing general observations are made.

I. Effecliw:ness ofguuel plales. As expected. the gusset plates l"<'duced the sO"esses in the post-to-base

plate groove welded toIlnections by increasing the section modulus of the post.

2. Slre$S Concmlrolion. The addition of the glls<oe! plates produced local stress concentrations in the post.

with large increases recorded in the vicinity of the toIlduit hole.

Altl10tlgh th.e gusset-retrofitted post failed after only 1.000.000 cycles of loading at a stress range

of 10 ksi (69 MPa). further studies are w8fl'll/1ted. Substantially improved fatigue life will likely be

achieved ifa) th.e conduit hole is relocated to an elevation one post diameter or more abo"e the top of the

gusset plates. and b) weld flaws are eliminated for all welded connections prior to field installation. Testing

oflWo or mOre additional gusset_retrofitted post ~pecimens is recommended.



"
Tabl. 4.1; Instrumentation for Specimen GRI

Ch.No_ lnst. [D. Instrument Location

GIobaIlnnSdu<:ers, ... !old cell aetuOlOt cent..- line; "'P of~ post, displacement ". loCtuMor center line; ,"" of the post

Longitudinal .lI1lin ~t< plac<d on the post, ~, onin PiC above bolt-liM C;]6" abo\'c base plate

• '" strain gap: between bolt·lines C I:. D; 36" above base plale,
'" $IJlI.in PiC' above bah-line D; 36~ above base pla1e, ." .train PV above boll·line G; 36" """"e base plate, ." >!Jain gage betwe.., boil-line. G &: H; 36M above base plate

• ." 5Irain W" above boll_line H; 36" above bue pia...

• ..' .....ingap: .!xw. bolt-line C; 2, above base plale

" ~. strain gage between bol,.Iine$ C &. D;2"~ boise 1'1...

" ... W1Oin~ abo,.. bolt-liDe D; 2, abo"" base pla'e

" .,10 slninwe """". boll-line G; 27" above ba"" plale

" sgll slI1lin PV beffi'omI bolt-lines G &. H; 2, abo,.. base pla,e

" ~" slJl.in pge above bolt_line H: 27" abo". base plate

" -,""
" -,""
" "I~ W>.ing.~ abo"" bolt·line G; Ir above base plate

" ~" stnIin itag. above boll-line H; 12" above base plate

" ~"
SIn;. gage above bolt_line C; 6" above bue plale

" .glB W1Iin Pile above boll-line D; 6" abo,. base plale

" ~" Slr.Iin Pie above bolt·line G; 6" abo"" base plate

" .g:!0 $train gage above bol._line H; 6" abo"" base plai_

n .~, 'lrIin gage above bolt· line C; 3.5" at><",e base plate

" .." 'In.in gag" ohm.. bolt_l~ D; 3.5" abov_ base pia..

" .~, .tninp¥ above bolt-line G; 3.S" abo"" base plale

" ~"
$lJain Pie abo'e bolt·line H; 3.S" above base plate

" .~, .tnlin Pie abo"" bolt·line C; 2. is" above base plale

" .." $ln.in gai_ above bolt·line D; 2.iS·· above base plate

" .~, 'lJa.in gage above bolt·line G; 2.iS" abo"" base plate

'" .~. .tnin gage abo"" bolt_line H; 2.iS' abo"" base plate



Table 4.1: Instrumentation for Specimen GRI

Ch,No. Inst. !D. Instrument Location

n .,,, >lnIin goge above bolt-line C; r """'" base plale

n ,,;0 olra;n gage above boll-line D; r above baoc plate

n .,n slrain giie abo>-e boll-line G; r above base plate

" .,n slnln Pie abo,'e boll_line H; r abo>-e ba<e plate

H "n olrain aage above boll-liue C; 1.25" above baoc plate

" .,,, slnin gage abo,'e boll_line D; I 'Y' above _ plate

" oglS onin we above bolt-linc G; 1.2~~ above baoc plate

" sg36 suainwe abo.'e bolt_Ii... H; 1.25" above baoc plate

" sg37 snain gage above bolt·linc C; top corner ofOOIlduil hole

'" "" strain Pi" abo.'e bolt_linc D; lOp come, ofconduit hole

" "" 'train gage above bolt·line C; bottom corne, ofconduit hole

" "," ,min gllle abo"e bolt·line D; bottom come, ofconduit hole

Strain , ;. la<:ed on the 0 ite f""es of u...ts'

" "" >lnIin gage gO<SC1 'GW; 24~ ab<we baoc plate

M sg42 strain giie go...t 'BC', 12" above base plate

" og43 sln;n gage go...t 'CD'; 12" above _ plale

% .,M sn;n we go...t 'DE'; 12" above baoc plate

" og4~ onin gag. go...' 'FG": 12~ above baoc plate

" •,% strain gag. gosset 'GH'; 12" above baoc plat•

" sg47 strain gage gosset 'HA'; 12" above baoc plale

" og48 onin gag. go"e! 'CD'" 12S~ above basc plate

n ,g49 ..",in gage gu>>Cl 'GH'; L2~~ abo>-. baoc plot•

Snain gage qu.adrup1clS pla<:ed or the opposirc foces on ilIe anchor bolt faces

" "" <train l\"I>e bolt 'C': 2~ below foundation su,foce

" sgSI slnin glli" bolt 'D'; r below foundalion oorfo<e,.. sg52 slninwe bolt 'G'; 2" bel"",' foundation sorface

" sg~3 onin I\Ig' bolt 'H': 2" below foundation ,tufIooe

I, Gosse! ap denotes the I\USSd plale located betw.... boilS a and p (.... Figore 4.2). For example, gusset
GH;, located between ancho, bolu G and H.



Table 4.2' Test sWIlmary for Spe<:imen ORI

Cl'cl~ COIInt Event

, Start "fC)"elic lestini.

00,000
T...." parallel clKks appeared at th~ 1<>",,,,, right romer "fthe conduil h"le. A crack appeared
at the nange-lo-po« ",~Ided l>CIIIJ>«tion on the gu'<el CD.

260.000
T"" pal'llel crack> f<>rmed in the \<>"."" left <<>mer "f th~ po<I·to-stiff~ningcube ,,'~Id at the
conduit h<>1e,

A erack f<>rmed at lhe b<>U"'" nf &us.set CD; Ibe erack initiat~d on Ibe gusset eroler·line. Two
cnocks appeared at the rompre..ion gus.set FG. at thellu'<el·~pla~ conneaion.

300.000 T"·,, lIeW cracks appeared at the gu5SCI HG. one at the b<>Irom "fthe gU'<el at me OIh~r at the
gu5SOl.to-place C<IIllIOC'lion. bet",..... the ",eld and the gussel. ClKks developed at 1"SSd HA
at the lop oflhe ,,'eld between the &UUd pi.... and lh~ bas< plate.

340,000 Two new crac.... d.v.loped on the llU$<el HG OJ\ lhe G fau nUr the bait plate.

370.000
The crack on the lrosion llUssel CD had propagated an th~ w"l' aero,. lhe width of \he gus,
~,

390,000 N.", p&ra1l.1 cracks on the G face of llUssel HG de,..,Ioptd.

420,000
The e"",k on the 10"''''' I.ft rom...- "f lhe condull h<>1e propagated from the: ",eld inlo the ""I·
umn, pa.ra1l~11<> the base plate.

,,",000
A lie'" <nock appeared on gus.set Be on the 1<>p of lilt ,,·.Id bet,,·C<1\ the bas< pLale ,,·.Id and
the lluntl.. n." lItW cracks appeared on gu.st1 DE be!v....... the base plal~ and the w~ld.

1.000.000 n$l. trnninllled
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Figure 4.1: Dimensions and connection details for ~.,..,U'Ofil Spe<:imm GRI
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Fig~ 4,2: Schematics of !letup for Specimen GRI
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Figure 4.4: Cracking of gusset-to-base plal~ w~ld for Sp~<;imen GR I

Figure 4.5: Crack propagation at the conduit hole for Specim~n GR]
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Figure 4.6: emck pattern around the conduit twle for Specimen GRI
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CHAPTER!ii: RESPONSE OF SPECIMEN CIP)

5.1 Gueral

This chapter presenll !be ~Its of !be uperimenU-1 ltudies on !be response of a retrofitted

cantilever poll ponion ofa CMS ItnICture. The post was UlnlCted from a CMS ItnICtun: thai. "'"as initially

designaled for field insU-lIation. As luch, the quality of !be test specimen il likely rcpresenU-t;ve of those

CMS posll curn:ntly in se",i~e.

The steel post was fabricated from IS in. (457 mm) diameter pipe with a wall thickness of 112 in.

(13 mm). The post·to-base plate connection consisted ofa full.penetnltion groo·,.e weld. The bl><:kup ring

was left in place. Figure 5.1 shows the connection detail forthe steel post. The 2·3/4 in. (70 mm) base plate

was attached to the foundalion uling 8 No. 2.1/4 in. (57 mm) anchor bolts. The drainage hole shown in

Figure 5.I{a) was name-cut in the groove_welded eonnection to faeHiu-te the galvanizing process. A

special pedestal foundation was casl for Specimen CIPI to replicate field conditions.

5.2 Retrofit Strategy

E:<amination by Gilan;. et al. (1997) of results from !be laboratOf)' testing of !be components of

CMS specimens idenlifled 1"'0 locations in a I~I CMS polt that an: lusceptible to fatigue failure: the

post·to-base plate groove-weided conneclion, and the region around the conduit hole. To as'lelll the

viabilily of a proposed retrofit scheme. a steel post from a CMS struelure was retrofitted co detail.

developed by Caltrans following the exact sequen<;e of the evenlS which ha"e been proposed for the field

worl<. The retrofit ~onsisted ofcasting a concrete jacket around the lower ponion of the post specimen. The

objectives ofthis retrofit scheme were fourfold: I) increa'" the section modulus near !be post·to-base plate

connection to reduce lhe cyclic Ilress range althe base of the post; 2) in~rease the overall stiffness of the

CMS structure: and 3) increase the mechanical damping ofthe syStem. Figure 5.2 presenlll information on

the retrofit scheme.

5.3 Test Configuration

The lell specimen was fabricaled by cuning a CMS post to a length of 14 ft. 4 in. (4.4 m) to

accommodate the frameworl< built co te.t post and mast-amt specimens (see Gilani, et aI., 1997 for details).

The post was ronne<:ted to the foundalion using eight 2·1/4 in. (57 mm) diameter anchor bolts. The lOp

nuts were first .nug lightened, then further lightened by lhe tum-of·the-nut method (AISC. (995).

The retrofit work included: I) removing the OO\"er concrete to expose the foundation lOp



rcinforument (Figure SJ): 2) drilling 16 No. 1-3/8 in. (35 mm) holes. two on each face of the octagonal

plate. in the exiSling foundation (Figure 5.4): J) placing #7 longitudinal reinforcement in the drilled holes:

4) bonding the reinforcement to the existing fOllndation using SET-45 cl>cmica.1 action concrete (Figure

5,5): 5) placing #4 hoops at4 in. (102 mm) spacing around the longitudinal reinforcement (Figure 5.6); 6)

reinforcing the opening around the conduit hole: 7) placing a ",ccl jacket to serve as formwor1< (Figure

5.7): and S) pouring a CaltranrapproHd concrete mix around the post (Figure 5.S). Figure 5.9 shows the

test sellJp for Specimen CIP I.

5.4 M"fCrial Pl'Opertlel., Welding Proudures. aDd IBSpections

Tbc test specimen was a component of one of three CMS stnJ,cllJres fabricated from Grade A53

stccl (API. 1995: ASTM. 1991) by a CallJans-apprO\ed vendor. These CMS structures wer<: inspecled by

Caltnms prior to shipment to a local Caltranrappl"Oved fabricator for modifICations to suit the testing setup

at EERC.

Ultrasonic testing (Un was used to establish the integrity of !he welded post_to-base plate

connections for .11 three CMS posts. All three posts had rejectable flaws. The post with the grca.test

number of defects was selected for Specimen CIPI to provide a measure of the effectiveness of t!>c

proposed retrofit rechnique. Figur<: 5.10 shows some of the flaws at the posl.to-basc plate welded

cooneclion for this specimen.

5.5 Specimen TC!itiD.&

H.l Cyclic Tests

Specimen CIPI was tested with zero mean s~ss (Le._ no dead-load siress). Cyclic lesting was

carried out s)mmetrically with respecllO the zero mean stress. During !he casting of the concrete jacket,

the specimen was subjecled 10 C)'dic loading at a stress range of 1.5 ksi (10 MPa) al the base of the posl,

about a zero mean stress. al a frequency of I Hz. The cydic 1000ding was intended 10 simulate the wind­

induced vibration of the post (at its natural frequency) likely to be present during the field installalion of a

concrete jackel. As a resull of the low-amp)illJde vibrations. a small oval-shaped gap was inlroduced at !he

top of the jacket.

Tbc testing protocol for Specimen CIPI is presenled in Tahle 5.1. The nominal stress range was

measured using tbc sln.;n gage placed on the post immediately above the concrete jacket on the face of the

posl opposite the =tangular conduil hole. For a 14 ft 4 in. (4.4 m) post without the concrete jacket, the

nominal stress range immedialely above the jackel (6 feet [I.S m1 abo\'e the base plale) is 60 percent of Ihe

nominal stress range at the base of the post. For Specimen CIPI, the same ratio for the nominal SIreSS



"
ranges between the above mentioned elevations was assumed

5.5.1 Pull-back Tuts

Pull-bock, f=_vibration tests were undertaken to assess the effccu"cncss of the concrete jacket in

oddmg domping and stiffness 10 the steel post. Such ICSl!I weR undertaken over the ClIU/'SC of the testing

program. The specific objectives of the pull-back tests were to compute the vibration frequency, modal

damping, and lateral stiffness of the test specimen. The teSlll were carried out prior to the placement of the

concrete jacket, after !he low-amplitude ,-ibration tests, at each change in the stress range, and at the

conclusion of the cyclic tests; see Table 5.2 for details.

The pull-back and quick-release tests were earned oul by connecting the top uflbe specimen to the

reaction frame using the loading linkage shov;n in Figure 5.1 L The linkage consisted of steel chains, a

turnbuckle, a specIally machined bolt (see Figure 5.12), and a load cell, all m s.mes. Tbe components in tb:

linkage were connected in series using steel shackles. Using a turnbuckle, a SUllie load of approximately 4

kips (IS KN) was induced m the linkage. The applied load was remoyed by cuttIng the machined bolt. The

instmmenlalion for th~ pull·back free yibralion lests conSIsted of accelerornetef!l mounled on lop of tb:

SpeCImen, a displacement transduc~rmounted parallel to the linkage, and Ihe load cell

5. 5.3 PIIS"-O""~ T,,$I

AI the conclusion ofth~ cyclic t~sting. a slali~·t~st-to·faihU"(: was undertak~n. The specimen was

pulled back (such thaI the face of the post containing the conduit hole was in compression) in inerem~nlS

of 0,25 in. to a final displacemenl of 10 in. (th~ sloke lJmitofthe actuator). AI the end of each loading step,

the displacement was maintained, and cracks in the specimen, pedestal, and fooling were documented.

5.6 Crack DeleCtioo and Propagation

Shrinkage cracks in the concrete jackel were marked prior 10 the start of C)'c1ic testing. FJel<W"a1

cracks were monitored and marked on the specimen oyer th~ course of the testing progrmn. Real.time

analysis ofstrain gage data was used to mOm tor the response of the jacket reinforcemenl and the steel post,

5.7 Instrumentation

The instnlmenlalion for Specimen elPI consisted of an LVDl on the se....·o-actuator cenler line

m~asuring the applied displacement; a load cell in·line with the se....·o-actuator measunng the actuator

force; two displacement transducers m~asuring the relabye motIon between the bottom of the jacket and

the pedestal and between the bottom of the pedestal and the foundalion; twenty IWO strain gages distrihuted

along the height of the steel post (on the eompression and tension faces); four stram gages placed on tb:
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poll II 1bc four comen of lbc condUlI hol(. ('Fleen warn pges dJ.smb\lu:d lIon, the heIght of tile

ioftJltlldlnal rcmforcemc:nl .lJacc:nt 10 !be ten$KlII mel. compRSSioa faces of the post. SIX straln pgC5

plaeed on thra: lranS\-erse boops MloClllOllS -.:IJ_ 10 tile te:ns>oD IDd I;Omp_ f.ce. and tw., slnIi.n

PFI (0lliC' ,-atJc.aI and one hormlruJ) plKed 011 tbc supplcmenr.al =nfOittmenlll'l:Uld the coodurt bole

1llc~....ge ..-" _tored ~ Ig9 placed 0Il1bc toDIpI'eSAOIl SIlk oftbc p<IIt (opposite tbc

_ ..' ~. lIok:) !m"""'""'~ .tlo\'e the lOp of Ibe «JIll:rete Jacket. Tk lllSUUmClltaOOlI list lOr Spco;lfDCIl

ap. IS prumled ID TIbk 53 FiguTC S 13 prcsc:nlS I 5ICbcm-.c: '"le1I" of lbc Ioalltudm.ol SlnWI gages

placed on lbc Slcel post m:d !be]KUt rclllfOi : ....,

SA UpI'n-etIla1~....: Cyclic Tat.

S."/~-u

Fi~ S.14~s SpecImen CIPI pnor to ~'clic testing. Flinn: 5 1$ l/>o",. the sp«lIIICn at the

concJUSKKI of the cyclic testlng A lOlIJ of 913 uldi,-idual !l:sts, eacll of 16-mmulcs duration, were

IUorded Table 5 4 surnmari~s the key obser...tions. more information is prncnlCd in lbc follow,ng

secuons The total number of loading cycles for S~eirm:n CIPl exceeded ·UOO,OOO

The compUteT program MATUB (The Malhworks, 1997) and its slglIal proc:cssilli toolbox Wel'C

uxd to JII"O"SS the cxpc:riml:lIl.ll diU The c.'qICrimcntaI d.lta were rcduc.ed In Ihree rtqlS. In 1bc /ir.;{ 5tep,

!be BW lbta ""as reM, lbc file IIader ""IS Rmo\-ed, aod. leSt log "-as crealCd. Nc:u. the 4riflm \he data

..-. n:lDO\-ed md the puk-ro-peak e:xtTe1llC ,'a1ucI ofTMP""v "-en extacled Sm.. ranacs ..-C~ oIM·,nN

by mult1p1}-ma lbe peak-&o-pellk IUaUU by !be 'iOU<lS's modulus for ace!, '""'" 10 be equal 10 30,000

b (2Q8 GPa) Response IusIoric:s .....c~ plotted 1D!be third acp

The llc:mral aa:b IIw formed ID 1iIc mnfor=i ........cte Jackel: .. tbc scan of ~'CIlC It:StlDI

propqMecI~. en-a lbe COIIIX of tile IalUlg ptOjp_. The main gage mlXlllll mllllncd ~llli\~

OOl'p-m for the 4,000,000 Iowog C)"CIQ M lbe _ J1IOgc of 20 l.:lI (135 MPI) ThIS obsc.....lioo

me!Yllel lhIt 00 subslanu.1 aa:b fomcd m lbe acel posl.

To prov>dc lbe reader witb U1fonnalJOa 011 !he type of data coIlcclCd 1hrougboul the testing

P'OjpIlD, IClccted force, displacement, IJld stress hlSlOrics Iftcr IppfOximllely 300,000 cycles of loIding

IJl: shown in Figure 5.16 Summit)' infonnal1Oll on the response ofthc specimen follows



S.6.S Ra,wnu Maxi_

TIte maximum peak-to-peak response for each data ~hannel was obtained for each individual test.

figure 5.17 shows the latefal stiffness history of the specimen; the stiffness was calculated by dividing the

actuator force by the displacement at the lip of the post. Due to flexural ~racking in the concrete jacket the

lateral stiffness of the specimen redu~ed gradually. Al the OOfl~lusion of the ~yclic testing, the lateral

stiffness of tlte specimen was approximately &0 percent of its initial value. figure 5. I&sho"..s the response

maxima histories for the actuator force and displacement and selected gages. The maxima histories for

force, displacement, and post slrllins are approximately ~onstant throughout the test; the reinforcement

strains increase slightly during the test. The abrupl jumps in the response at 2,000.000 and 4,000,000

cycles are a dire~l resull of the ~hange in tlte stress range (se<: Table 5.1).

S.6.6 S"ain Gage Histotks

Selected stress-range data "'ere used to study tlte ~hange in the response of the specimen as a

function of the number of ac~umulaled ~ycles. To ac~ount for drifting in the ltansduce-rs. tlte <lata was

adjusted by rccmoving the error. "hi~h ""as assumed to be linearly in~reasing (from zero) m'er tlte course of

an individual lest. To best illustrate the changes in the slTess range in the post and in the \"eni~al

reinforcement. Ihe ~orre~ted data are presented, Figure 5.19 shows the stress-response history (sg3) at 3 in.

(76 mm) aoc",e the base plate On the ~ompression side oftbe steel post and figure 5.20 show. the stress­

response history (sg32) at 3 in. (76 mm) ab<",e the base plate on the ,'enical reinforcement placed on the

compression side of the specimen.

S.8. 7 S,r""" Profiles

Figure 5.21 shows the stress profile for lIle steel POSt and the rdnforcement in the reinforted

con~rel~ ja~ket. l1le top of the reinforced con~rele jacket tlte underside of the base plate. and the top of

foundation are identified in this figure. The data correspond to the compression face of the specimen and

are ploned following 1.000.000.2.000.000,3.000.000. and 4.000.000 cycles of loading. The stress profile

in the steel post is essentially unchanged for lIle 4.000.000 loading ~ycles. Along the post elevation. above

the conCrete jacket. the S!rUSeS decrease linearly in proportion to the bending moment in the post. l1le

stresses decrease substantially below the top of the reinforced concrete jacket ,,-ltere the seclion modulus of

the test specimen is in~rccased due to the presen~e ohhe jacket. Above the foundation. the stress profile for

the reinforcement shifts during the cyclic testing due to cOIl<:rete cracking.



5.9 Experimental Results: Pull_back Tens

5. 9.1 Gen~,.,,'

Typical fr« vibralion test data recorded for i) the sleel post alone. ii) Specimen Clpl prior to

cyclic testing. iii) Specimen Clpl after 2.500,000 cycles of loading, and iv) Specimen Clpl at Ihe

conclusion of the cyclic testing, were selected for further analysis. Figure 5.22 shows the acceleralion

histories recorded at the lop of the specimen during lhe free vibralion tests.

5.9.1 AnalysIs 1'/Expui~"tQI [)Qld

The data processing package MATLAB and its signal processing toolbox were used 10 process the

experimental IICCeleration response-history data. For each test. Fourier spectra were generaled using

Hanning windows of 2048 data poinls. Samples had a duration of 10.24 seconds for Ihe leSI oflhe steel

POSI and 4.1 seconds for the subsequent tests. For all Fourier analyses, the .... indows were overlapped by

200 points. The frequency resolution was approximately 0.24 Hz and 0.098 Hz for the steel posl teSIS

""anned at 200 Hz and for subsequenllesls scanned al 500 Hz. respeclively. Figure 5.23 show, the Fourier

power spect... for the acceleration m:ords.

5.9.3 MfHhJI Prop~rtla

Modal properties of Specimen CIPI at differenl cycle counts can be computed from either the

history plOis (Figure 5.22) or the frequency domain plots (Figure 5,23). Modal freqllCncies were eslimated

using the peaks of the Fourier speclTa.. Since the response is primarily a SDOP response. both the half­

pow'er and the log-decremenl methods (Clough and Penzien. 1993) can be used to estimale modal

damping. In the half-power method. the modal damping ratio, ~"' is estimated from:
(w 2 -w l )

li. ~ 2w (5.1)
•

wIIere (0. is the modal frequency and til 2 and til t are the half-power frequencies. In the Iog-deerement

method, an analytic.al futlCtion of the fonn:

y ~ Asin(wl++)~--<I>~1 (5.2)

(5.3)

is filled to the response-history data, and the damping rmio is computed from the log decrement equation:

I ("]!;~ In-
2:n;(Nj Yt

where N is the number meycles between the two amplitude readings and Y2 and YI are the amplitudes of

the anal}1ic function. Table 5.5 summarizes the mooal properties of Specimen Cipl.
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Table S.l: Slress range for Ihe cyclic tests or Specimen CIPI

Cydeoounl Tesl stress range Target slress range Test
(72 in. abo"e base) ''''''') frequency

0-20.000 I hip Mpa) 1,5k,i(IOMPa) ,",

0-2,000,000 12 k,i (81 MPa) 20hi(135MPa} ,",

2,000,000-2500.000 15 ksi (101 MP.) 25 hi(l69MPa) ,"'
2,500,000-4,000,000 12ksi(81 MP.) 20ksi (l35 MPa) '"'
4.000.000-4.500.IlOO 24 hi (l62 MPa) 40 hi (270 MPa) ,",

Table 5.2: Sequence of pull. back tests

Pull·back test
Cycle count

Scan frequency
Commenls

number (Hz)

, ,
"'" Stu] post only

, ,
'"' After pl",,,,,,,,"t of concrete jacket

, 2,000.000 ''" PriortO inc",..., in stress omplitude

, 2,500,000 '00 Prior to decrease in sIreS' omplirude

, 4,IlOO.IlOO ~ After foor million cycles

• 4,500,000 ~ Terminali"" ofcy<:lic tesls
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Table S.3; InSll'llmetllalion for Sp.dPl~CIPI

" "" ~ .... IaISion SIdo orlM pool: SW C<lm"r oonclr.ai. hole

"
_.n

~ .... __ sode of doc pool; SE _ 03IIduil bole

" ." - .... IeIlAoIIliclr oEdoc post;)tsI obcM: die .. pille

" .n I ....... __ """ oflbo posl: 2T oto-.,!be t.se pble

suUI PlO$ piIc>ed c. dw _eu j '" >'a1io:IJ remf..~

" .,. -.... - ;"" .......r... •• 3~bcloo>b""'im

n ..,. -.... ~ side remf..• t; just be..... 1'oundaI....

" "" -.... _pmlOlJidc m..fuo.........."jdabowr~

" "" -.... _''Pwion .. 1rinf... " ....."'D1;jutl below t.sepble

" "" ~ ...< compo uion lido ~inf<nemenl; j<$ ob<we bIM pl...

" "" SlRin PI" <"",,""<ssian sioX ",inforumen'; l~ 01>0>'0 bIKp~

" .", main PiC compmlion side ",infon;emenl; 1:r .row bue plal'

n "" Iln;n PI" eompression ,ide reinfon:...,....; 36" _bovc bIM p'-1,.. "'. Slnin we compression ,ide reinforcement: 7r above base pil,. (below jackol)

" ..n sb'l.in PI"' tension side reinf<>rcemenl; r belo.... fOllndalion

" 'all $ln.in pa- lension siOe ",inr""",mcnt; j~'l below f"""dation

., "'. ........ &Ii" Im.ion side ",;nf~; jllS' .00...< fount1alion

" .... ....... Pee .msiofIlide mnfor=nenl; jUSl bolow base pial,

" ...' -.... tenSion side reinfoo=lleQl; juot obow bIM plu.. .." -.... teMion ••",..roramaM; l~ abow bIH plw:

" .." ~ .... __ .do "'inr"'ammI:; 12'"~bao plICe.. ." -.... ~ ,.,... '"'f'.........iII; JO at-'...pble.. ...' -.... laIIOoa side martA --n; 12" abow bite pille (bdow jaUr)

SInoiII. coca pbad .. doc ..-me jId:cl u-vax <riDr.. .

'" ... I -.... - _ lOdeof_~ IocJcIp

" ...' -.... ImIiOII ..a.of" boaauI boop

"
_....

" .." -.... 00ll4"...... side allloo durd Iooop fJom!he bocom

~ .... -.... l<mIion sicIc of!be mild bo<Jp /iom doc booom

" "" <lnOiIl Pi" compmsion side of!be "'P hoop

" "" ~inpc. IeMion ,ide oflhc "'" boop



Table 5,3: InslJU1t\eJIlalion for Specimen CIPl

·train gal!'" p10eed QIllhe supplementary reinforoelllClll around 1hc: cooduil hole

" ." I $lnm gag<: I ~<rt1caI fooc of reinfon:<onOlll, nc"",Sl lO 1hc: .~I post

" --
" ~ """
'" nol u!!Cd

" dalll """",",1100 COUIllcr

" dara IlC'P""'lllon lllIl<:r

" ." I suain glge I borizonl.ll fooc of reinforcemenl, """"'SIlO lhe .~l post

Table 5 4 Test summary for Specimen CIP I

Cycle OOIInl
E'·enl

(millions)

, Stan ofleSl

, Sbrinkoge crack> in lhe concrdeJldd marl.:cd

,., Crocu IIlhe jKkel_l<>-pedcslaI and pc<!nlal-lO...foundalion
,nlm..,.,oto-vo:!

"
ComplelJ.on of lCOls Il 20 hi nominal str= range: no o:vidcnoe
of fail"",.

"
Complelion of lCOlS Il 40 hi nominal Slr= range; no e,..idenoe
offailun:

.,. SUMtlllbal cracking of !he foundation during the pu>b..,,·cr
' .... No e"den.e of fa,l"", ItI !he 1eSl opecimcn.

TRble 5,5 Modal propertics of the test specimen

Pull-back tesl Cycle Frequency Damping
Comments

number -, (Hz) ('Yo critical)

, , 13. I " Steel post alone, , 234 " C1P\, prior '0 C)'chc lc$lUl8

• 2,500,000 21.5 " CIPl, mIdway through the C)·clic Icsli'4!

, 4,500,000 '"' ,.. CIPI, 11 the end of \he qcloc t<:Sb08



(I) Ele"llion II ba!lC: of Sleel specimen

(8) 2.1/4" bolts
in 2-314" bue plale
(27" B.C)

32"
~~~~t~~11 0" dill.. conduit hole

(b) Se<:lion A_A (plan view)

112" posl wall

Tack weld

2-3/4~ Flange plate

(c) Se<:tion B-B (conneclion details)

Figure S.l: Connection details for the sleel post of Specimen Cl P I
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Fig~ S.2: Retrofit details for Specimen elPI



Figure 5.)' Removing the cm-er concl"ele and exposing lOp reinforcement

I

•

Figure 5.4: Drilling Ihe eKisling foundation
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_.

•

Figure 5.5: Grouting the longitudinal reinforcement

Figure 5.6: Placing 1M trans,'erst hoops



Figu~ 5.7: Pla~ing the steel formwori;.

Figure 5.11: Casting !he ~on~rele ja~ket
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Figure ~.15: Pholo~ph IS . imen C PI at the conclu Ion f1h cyclic testing
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Figure 5.26- Photos ofSpecim.en CIPI at the conclusion ofpush-o"CJ teSts
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CHAPTER 6: SUMMARY. CONCLUSIONS, AND RECOMMENDATIONS

6.1 Summary

(il.l IntrodMetion

Changeable Message Sign (eMS) structures are widely used In Caltfomi, by the Californl.

Dcparnnenl of Transpm,alion (CaJuans) to deliver infonn.tion to freeway motori515 regarding TOld and

weather coodJllOns. These structures are ,m-clted L·shaped eMOle,-cr structures composed of. '-cnw;a1

post ond I horizontal mast arm. Both the post and the mast arm are fabricated from steel pipe sections The

lOp oflbc pmt is bent 9Q'> 10 make the cOIIne<:lion to the mUI ann The mast arm is connected to the post

by a flanged ronncclion, annular plates are gJ'OO'-c·weldcd to the post and the mut ann, and the flange

plates are bolted together WIth 26 No. 3/4'10. (19 mID) diameter high-strength bolts. The steel post is

welded to a 2·3/4 in (70 mm) thick base plate, which in tum is anchored to • concrete fOWldation

(typically. CIDH pile) by g No 2_1/4 in. (51 mm) dia~lC:r ancbor bolts. In all eMS stru<:ture. built prior

to 1997, a 4 In. by 6 in. (lOt nun by 152 mm) rectangular 1Io1c is f1ame-cul in the post, approximately l8

In (457 mm) abon the base plate. 10 provide access to electrical wtring in the post. In SQme CMS

structures, a small hole is name cut in the w'elded post·to-base plate connectlQn to facilitate the 8a1, IInIZlng

pro<'~

Tile failure of a post·to-base plate welded conn«lion In a CMS structure In Southcm CalifornIa

prompted CIluans to undertake widespread field in"eSliJllltions of CMS structures in Californll. X-, eral

CMS structures were Instrumented to characterize their dynamic response The field dIll indicated that I}

the welded connections in the CMS structures arc subjc<:led to stress 1e,'els thai subsumnally exceed the

a1lowlbk stress lnels recommended ~' the AASHTO specifications (AASHTO, 1994), and b) CMS

structures arc relallvely n=ble wilb lillIe structural dampin8 (WlltlCr. 1996).

As I result of these findings, CaiITanS identified threc topical arelS for investi8Ulon:

1. Full·scale laboratory experimental studies to de"elop lin understanding of the flliguc life of

components ofCMS strueture•.

2. Full·scale laboratory Icsts of proposed schemes for retrofitting CMS stnIclure. Ifdeemed necessITy b:o'

the results of l.

3. The uSC orenct8)' dissipation devices to mitigate wind-induced "ibrations in CMS SUUC1ureS,

Caltrans contracted with the Uni,'ersilv of California II Berl<ele)' to slUd)' the first Iv,o tOPICal

areas. This report addrcSllCS the second topical area. namely, the rcsponse of rettofincd CMS structures,



"
The ruder is referred 10 GilanJ. ct al (1991) fOr results of the studies on lhe response of components of

existing eMS S1IUCture5.

6.1.2 Retrofit SehcltU"s

Eummauon by the authors of the results of the [aboralOf'} testing of components of eMS

suucturcs identified two locations in the steel post that were susceptible 10 fatigue failure: We post-to-bue

pille grexlVc-,,-elded connection, and Ihe region around \he conduit bole. Two retrofit schemes "cre

de,'e1oped by Caltrans a SleCl gusscl-plouc retrofit, and a east-m.place concrete-jacket retrofiL Both

.sehemes soughllO =luce the SlrCsses In the post at the two critical locations identified above

The steel gusset-plait relrofil scheme consisted of welding eight gusset plates of 9116 in. (14 mm)

thIck A36 5leellO the prn;t.to-bose pl:ou: COmx:CUllII. The lnangu!ar gusset plales we«: welded to lhe: post

and the base plat/: using full-penetration groo.'c welds. The gUSSCts wert cenltred between the base plate

!lIIChor boilS, 'The gusset coinciding u'ith the conduit hole on the (ension face of the poSI was 17 Ln, (432

mm) tall and was \CmIinmd approxim'lel~ I in, (25 mm) below the underside of the corwiu,t hole~ !he

other SClCn gussets were 24 in. (610 mm) ull, All eight gussets were 6.5 m, (165 mm) "',de ,t !he,r base.

The COllCrele-j,cket retrofit scheme COlIsisted of adding. reinforced concrete shell to the steel

post. The J~lr:et hlld , ou\Sldc di=ctcr of 42 in. ('.1 m) and "'lIS 6 fI ('.8 m) tall. The jKket w;lS 'ttKhcd

to a foundation by drilling arwi bonding. toUII of 16 /17 ..croc.l reinforcement bars. The trans\,e=

reinforcement m the jacket consisted of 114 hoops, with a 15 in. (381 mm) lap, placed ,t 4 in (I02 mm)

spacing. Trim reinforcement was added lTOWld the conduit hole.

6.1.J SMmmary ofLaboralory Expnimental Dalil

A cUS{Qmiz.cd ruction frame was deSIgned and built to f,cilit,te high-cycle fatigue testing of

comp;ments of CMS suucrure$. Each \Cst specimen "'lIS loaded ,t its free end by a fatigue-rated sen'O­

Ktuator. T1lc responses of the two retrofitted lest specimens are summarized in Table 6 I below

Table 6, I: Summ.ry d.t. for retrofitted specimens

Retrofit scheme EERC designation Maximum cycles Comments

Slcel-glWC'1 OR> 1,000,000 Specimen failed 11800.000 cyeie!

C(lnCfdc.jacket CIPI 4.500.000

The testing of SpecImen GR I "'lIS halted after ,pproXJJllalcly 1,000,000 cycles follo"'LOg I) the

propagation of large f.tigue-induced cracks, which had formed at the lower comers of the rectangular

conduit hole, into !he gussct-lO-pOSt "-ellis and !he gusset parent matenal, and 2) the growth of fatigllC



"
cucks In the posHo-basc pial/: welded connection.

The response of Specimen elP! was relatively stable for 4,~OO,OOO cycles of loading; no

SIgnificant change in~ strength Of stiffness afthe specimen,..as o"-'"ed.

6./.4 Modeling o/eMS St",aurn

The gusset·retrofitted post was modeled as a caotile'"CT stru<:t=, using the computer code

SADSAP, to provide information on the smS! distributions in the post around the conduit hole, adjacent to

the post-to-base plate connection. and In the sleel gusset plll\cs. Quadrilateral shell clements were used to

model the post, the gusset plales, and the base plale Spring clements were used 10 model the axial stiffness

of the 2-1/4 m. (57 mm) diamelCr anchor bollS.

The analysis predicted that the 1oc:a1 stresses in the post were in"cased by • factor of 2.5 around

the conduit hole l1Iis value is consistent with uperimcnlllJ dal.L

6.2 Conclusinns and Recomm~d.lions

6,1,1 FlUiguc LifcolRarof1lted eMS Posts

Specimen GRI was tested to approximately 1,000,000 cycles of loading. Howe,-cr, SIgnIficant

cracks fonned after approximately 600,000 eyeles and propagated thereafter. Although the gusset plates

were effecllve 1II Increasing the secuon modulus of the post and decreaSing the flexural stresses al the base

of the p:}St, the retrofit scheme was un.ble to prevent, and likely CQIIlrlbuted to. robstmllia! cracking

around the condUlI hole. On the bas,. of the laboralor)' tests, tlus scheme,. not recommended for the

retrofil of e"isling CMS structures

Specimcn CIPI was subjected to 4,500,000 cycles of loading The addition of the reinforced

concrete jacket substantially increased the stiffness and the damping ratio of the post (by factors e'«:eedlng

2.5 and 5, respectively, for the test specimen), and subslantially reduced the stresses in the post below the

lOp of the concrete jacket, thus reduclllg thc likchhood offatiguc failure

Ofthc two retrofil schemcs studied by thc authors, the concrete-jackcl retrofil outperformed the

steel gussel-pl.tc retrofit. The concrete-jackel retrofil detail served 10 reduce the stn:sse, in the lower si_~

fCCI of the post. whereas the gusset plate retrofil only reduced the fle.~ural stresses near the post-to-base

plate connection. As such, the response of the two retrofined specimens should nOl be dH~tly comp=d

An impnwed Sleel gussel plate retrofit scheme would in\'o)ve: a) reconfiguring the gusset plates to

clear the cooduit hole by al least six inches (152 mm), and b) removmg and replaCing all flawed wcldmcnlS

1II the posl-to-base plate connection (only possible for the full_pcnetrauon welded connection) uSlIIg an



appro\'ed WPS (sec muon 6.22). The proposed ~lrOfit dewl should be tested In !he laboUlory pnor 10

field In~llation

[f the conSlnlcuon details are replicated In the" enUrety In !he field, the concrt1.e-Jackct retrofil

scheme will likely substantially increase the fatigue lifc of exisung CMS structures "'i!h flawed welded

connecuons

On the basis of !he experimental studies conducted at EERC, rerommendations can be made

regarding ho'" Caluans could improve the fatigue life of components of CMS 11nIclu=. These

=ommendauons are lJltCd below; some of these ruommendations are repeated from the Volume I report

(Gilani, et ai, 1997),

I. RelocQte Qnd reconfigure the conduit hole In rM posr, The conduit hole should be mOI'ed at least one

post diameter from eIther the base plate or the top ofan) gusset plates, The rectangular conduil hole in

the post should be replaced by a clf'Cular condun hole 10 reduce the SlrCSS concenlnlUons around !he

hole. The conduit hole should be drilled rather than f1=e cut to mlnlmlZC residual sualns. If stIffening

rings are 10 be welded inlO the conduit hole, AWS-conforming seal welds should be used

2, Dewlap prequollfied Weidmg Procedure Sptclficorfons (WPS) for groove_welded COItnecllons.

Sumdardized WPSs are common~ used for joining steel components in the building, bridge, and 01T­

shore oil Industries. In the past, it has been the eonlraclOrs' responsibili\)' 10 develop and Implement a

WPS (Shepard, 1997) for CallranS sign strtletures. To mainUlin high standards of conslrUclion,

Caltrans should prepare a WPS for groove-welded posl-IO-basc plate, mast arm-to-f1ange plate. gusset

plate-IO-posl (mast arm), and gusset plate-to base (flange) plate conne<:tions. A WPS for the subJcct

connections should include. but not be limited to, information on welding type (i.e, shielded metal an:

welding, flux core-arc welding). end pre~ralJon, fit_up and root openIng, maximum elccuode

diameter, electrode type, maximum eurrenl, maximum rool-pass thIckness, and pre_heal and cool­

down requlfements. The usc of toughness-rated "eld filler metal is recommended Improved weld

profiles, such Ii those shown in FigW"C 3,10 of AWS DI I (A WS, 1997), should be investigated It is

=ommended that I weldmg eonsull.llllt be englged~' Clltransto del'elop the WPS

1 lkvelop Improwd quality CQlltrol alld IIlS/Hclion (quality ouuronce) proctdures. Currenl Callnns

standards for qu~1i\)' ronlTOl and inspection of welded components should be reviewed. Minimum

standards for quali\)' eottlTOI should be del"e1oped by Callranl and Imposed on all ~onlraclors

fahncauog components for CMS strtletures Visual inspection Iione of non-redundant welded

connections i$ likely inappropriate As a minimum, all groDI'e-welded connections should be
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ulU'&SO!UCal1y teSlC<l (lIT) by Ul appro~ed testma ISmcy as part of the qual,!) control projTIIIl. Good.

quahty l;(lI1tml aod. inspcc:tiOlI .c key 10 h,gh-quallty CansirUCtl(Xl. All ,,'dd defeets ,dmlifJed b}- UT

should be JOUJCd out IDd TqIlced pnor 10 s1upmml of tbc post 10 tile field. Slandani p........turcs for

repamnJ suc.b defects mll$l be o.:\clopcd. A CaltranlllllSpCC"lOl' sbouId be pn::te.. dunn. the fit-up IDd

wcldlD,J of all I;OIIDf:CtiollS 10 elISOR tbIII. the WPS IS follo..-ed c~ II IS R")'Mllmme'td I!LIII I.

"'c!dJn&~tmt bc CllslICd b)- CaltraM 10 dcnlop~ qualny QlI:ItrO{ _1llSp«_ proudur=

The "'on; described In lhu~ and. die f;CIIDpan>oD VoIUIIlc I rq:KlI"I (o.luu. d ai, 1997) bas

ron·,..... on c..alwlnD! the ("&\11: life ofC:USllIIi and ~trofiacd eompcmelllll ofCMS 5lnKrorc:s. nus .."art

addre$se$ QDe-haif of !be problem, IUIlllcly, ch.lctenzUlg lbc fatigue hfe of key e<lmponmu II JPttlficd

stress nnp. To complete lhe rc~h JliOII." In I. comprehensi.-e manner, Ihe foU(l'A'Ln, $lUdJes-.:

~ornmcndcd

l. COIftmuc IDborQlory ftsrlng O[compont/lll a/eMS Ilnlcru,n, New JUidelinn for the deSIgn ofCMS

structures shoold not be prepared USInS I. limited number of dati. pomts Ad4ltlonal hlgh~dc fatigue

lUIIMI of componeo1!l of eMS Stn.lCI\lfCS at dIfferent stress levcls is Deeded to pro",,1e the reqwsite:

,"formation

2, U"lhrloxc addu/Dnal field 'tsl/flg a/eMS S't1JC'UiYJ Field testing of eMS SlnIetures In hlgh·"'nd

~. eould pnwide. ill _ SUbsWlU_U) milKed cost .... ,th respect to ....ind·tunneltesuna. uluMbll: ne....

dill n:1a~nl ",mel speed and dll~~on to bocb prc.l.5UtcS on componenLS ofCMS struCllll'es.-ld design

mes 011 these compoaelllS Th,s ....ork ....ould Iddress the mber bllf of the problem. rwncl~, do the

AASHTO procc:dlll'es lI;l;unlCl}' predlet. m III engllleCriDg _. tbc IoIds thM leI 011 _ eMS

stnKtufC' Withoul suc:b iDfOl'IllMJCll1, _ eompn:hmsi\'C 5Olutioa to lbc problem LS IlOlllO"ibie

3 ~Iop aNi/esl lIil!nHlOff lfunp/lOff ItrONIICS Suesscs in CODlpOIIICIlIS of CMS $ItIICtlJ:tcS caD be

mb;cd ~ Cltbcr lDCn:asm1 the liD: UJd confl"......., ofthc 5InICtUraI~tlI (e ... lDCreasinl

thc cbaneta' of tbe post, ~. .adml SU*1S Of jKr.elS) 0.- ~. mmcml thc elfCClS of tbe ~-n.mI>C

componclll of thc wind '-b USIIII danpuaatee~ Although~_ 10 dae Il.as focused on

lllClUSlnl thc scctioo IDCldulaI of tbe p<* Ind mu: -. il mil)" be lIlCn CQSI~lfec~,e III reduu tbe

'u'ld-1o.cI dcmlllds th.Io to IDC1l:UC !he stmlgdl of componc:nu of. CMS SIlUCtufC II IS Itke'" thM

c:l:15Ilng ",brUlOll ml\lpuon strIlCiICS dc.eloped for ,,~nd and oil J1'PClmc _pplJoClltODS could be

n:1dI1} IdaplCd to reduce: tbc effects of ....md 10llds on CMS SlnlCtures. Such lOIuuoru sboukl be

Implemented Into field, tbc fC!iJIO'IIS monlloRd, and the effiUC} of the toluuon .enfied before

"'idesprCfld ""plcmcnllUOft is undcrllkcn
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